Body plethysmography and whole body plethysmography
Head-out body plethysmography, or simply body plethysmography, uses an airtight enclosure to contain the subject's body with the head of the subject kept outside of the enclosure. An airtight seal is maintained at the neck. Under these conditions, the volume of air displaced by expansion and contraction of the thoracic cavity creates a pressure wave within the enclosure. Properly calibrated, the recorded pressure is proportional to thoracic displacement volume (VTD). Under normal conditions, VTD is assumed to represent the volume of air entering the lung, that is, tidal volume (VT). However, when investigating airway constrictors, this is no longer true. Under such conditions, the animal makes greater effort during inspiration (i .e., greater thoracic displacement), but little air enters the lungs during expiration; the air is compressed within the lungs. Thus, VTD is no longer proportional to VT. The method also requires that some restraint be imposed on the animal. Despite these drawbacks, body plethysmography has been used in toxicology to investigate the effect of airborne chemicals in order to assess whether or not they can induce sensory irritation in humans from stimulation of nasal trigerninal nerve ending^"^.'^' or pulmonary irritation from stimulation of vagal nerve endings.(I5' Also, body plethysmography was used in the initial investigations of irritation of the respiratory tract by airborne chemicals. ('6) In a whole-body plethysmography, the animal is placed in an airtight enclosure. This eliminates the need for an airtight seal at the neck and restraint on the animal being investigated. An early device was described by Bert'") in 1870, who recorded respiration of dogs, birds, turtles, etc. However, the principles behind the pressure wave created by respiration in this device have been described more recently and the pressure wave created in Factors involved in the creation of the pressure wave when an animal is breathing in a whole-body plethysrnograph as described in Figure 3 . In normal conditions the pressure changes (AP), from minima to maxima, created during breathing is proportional to VT according to the thermal effect. The airflow resistance term has no influence. This second term becomes important during airway constriction and the normal pressure wave becomes distorted as shown in Figure 2 . Adapted from Refs. 75 and 21.
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whole-body plethysmography is not as simple in its origin as the pressure wave measured in body plethysmography as described above. Despite this complexity, practical use of the method was made many years ago using rats,"x' hamsters.('" and infants.('(')
Principles of whole-body ylerhysrnsgraphy
When an animal is placed in an airtight enclosure, a pressure wave is created within the enclosure with each breath. The pressure is very small and is due to two main factors: (1) change in temperature (and humidity) of the air inspired from the enclosure at room temperature to the temperature within the lungs as well as (2) the pressure drop along the air passages due to resistance to airflow.'2'.22) The relationship can be expressed as given in Figure 1 .
Several researchers have elaborated upon the difficulties encountered in obtaining absolute values for VT from this pressure (AP) meas~irement(*'.?~' using this method. However, for toxicological studies, absolute values for VT are not needed, only a change from normal values is necessary. To calibrate the whole-body plethysmograph for detecting a change in A14 (or VT), known volumes are pumped into the closed chamber at frequencies within the expected breathing rate ofthe animal. Calibration is done with the animal within the enclosure so that the volume occupied by the body of the animal is taken into account. Thus. AP created by each breath is reported in milliliters
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FIG. 2.
Pressure waves recorded from a guinea pig during air breathing, CO, challenge or during inhalation of an aerosol of histamine (0.7 mg/m') in the same animal. Note the distortion of the normal pattern during inhalation of histamine. Under this condition, the amplitudes, from minima to maxima, are no longer proportional to VT.
as obtained from the calibration procedure. In normal guinea pigs of 350-460 g, this value will be around 0.2-0.3 ml for a VT around I .5-2.0 ml. (25) There is one problem with this device in toxicological studies. Under normal conditions, the aifflow resistance effect, as given in Figure 1 , is small during the breath and zero at the beginning and end of each breath (since there is zero flow at these instants), and therefoie can be ignored when measuring changes (i.e., increases or decreases in AP) as reflecting a change in VT. This is no longer true in the event of airway constriction. As shown in Figure 2 , pressure waves were obtained in one guinea pig first during air breathing, then during CO, challenge. It was also recorded, in the same animal, during inhalation of an aerosol of histamine added to the air flowing through the whole-body plethysmograph shown in Figure 3 . The amplitude of the pressure wave (AP), from minima to maxima, increased during both C02 challenge and inhalation of histamine. However, the normal pattern was distorted during histamine challenge. As long as the degree of constriction is small, distortion of the normal wave during inspiration and expiration will not affect the minima and maxima normally recorded. When airway constriction increases, the distortion is greater, particularly during expiration, and includes pressure swings below the normal minima during expiration, as shown in Figure 2 . Therefore, an increase in AP, taken from minima to maxima, reflects a true increase in VT only when there is no or minimal distortion during the breath, as during CO, challenge. During histamine challenge, as seen in Figure 2 , the distortion is too large and AP no longer reflects VT. However, the distortion can be taken as recognition that an agent is inducing airway constriction. Further details follow.
Ventilated whole-body plethysmography
This concept of a ventilated whole-body plethysmograph is to construct a device which will act as an airtight enclosure, to measure h P due to respiration, but through which we can pass air and introduce gases or aerosols to be tested, and to be able to challenge the animal by increasing CO, concentration in inspired air. This can be accomplished as shown in Figure 3 , where an airflow of 2 Llmin was maintained by a pump pulling at a rate of 1.5 L/min attached to the outlet of the whole-body plethysmograph and by another pump pulling 0.5 Umin from one port of the whole-body plethysmograph through a Beckman LB-2 carbon dioxide analyzer. For ease of operation, the outlet tube, dessicant tube, flask, and flowmeter shown in Figure 2 can all be replaced by a single hypodermic
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FIG. 3.
Lateral view of whole-body plethysmograph. This arrangement is a flow-through system which permits continuous measurement of AP and f of an unrestrained, unanesthesized guinea pig while breathing air or a mixture containing 10% CO, (balance 20% 0,, 70% N,) or during exposure to various gases or aerosols. The small animal ventilator is used for calibration. Modified from Ref. 10 .
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needle (20 g X 1" long) and a vacuum pump set to pull air at 17 psi or higher. When passing aerosols through the system, a membrane filter held in a filter holder is placed In front of the needle. The inlet of the whole-body plethysmograph was fitted with a 170-cm length of tubing with an inside diameter of 3 mm. Inlet tubes shorter in length, but with smaller inside diameters can also be used.(26) Also, room air can be used, so there is no need to humidify the air (Fig. 3) . A quick way to determine that the inlet and outlet are functioning properly to effectively "seal" the whole-body plethysmograph is to use the small animal ventilator, which is attached to the system and used to calibrate the system. With both inlet and outlet ports closed, the ventilator is started at 100 cycles/min, which is approximately the correct breathing frequency for a normal guinea pig. The pressure amplitude is then recorded. Airflow is then started at the outlet port (using the hypodermic needle as a critical orifice) and the inlet tube is adjusted in length or diameter so that the pressure amplitude recorded is similar to the pressure recorded with a sealed whole-body plethysmograph. The ventilator frequency is then changed downward. The pressure should remain the same as the frequency approaches 50 cycleslmin. It will then start decreasing with lower frequencies. This drop in pressure at lower frequencies is not important because, when the animal is breathing at a frequency lower than 50 breathdmin, due to airway constriction or other causes, the breath is not taken in a sine wave fashion, rather there is a pause between breaths.
Either a differential pressure transducer"') or a microphone(*') can be used to measure AP. A differential pressure transducer is preferred over a direct transducer because the whole-body plethysmograph is under a slight negative pressure when air is flowing through it, and this negative pressure is high in comparison to the pressure wave created by each breath of the animal. One side of the differential pressure transducer is connected to the whole-body plethysmograph via a resistance-capacitance network (thin tubing and a flask) so that the diaphragm of
FIG. 4.
Guinea pig ergometer within an exposure chamber which served as a whole-body plethysmograph. The animal runs on top of the wheel and within the enclosure. AP, f, V02, and VCO, are monitored continuously. These measurements can be made during exposure to a gas, as shown here for CO, or aerosols or following pulmonary injury to assess exercise performance. (From Ref. 11 .) the transducer never receives the fast pressure change due to the breathing of the animal, but only senses the barometric pressure inside of the whole-body plethysmograph. The other side of the transducer is attached directly to the whole-body plethysmograph. It transmits to the diaphragm of the transducer the barometric pressure inside the whole-body plethysmograph as the first port does, thus in effect zeroing this pressure and permits recording of the fast pressure wave (AP) caused by the animal's breathing. Recording with a good microphone is simpler and more cost effective. The microphone is not affected by the constant or slowly changing barometric pressure inside the whole-body plethysmograph, only the rapid change in pressure due to breathing of the animal is sensed and recorded. While the frequency response of microphones does not extend to low frequencies as with pressure transducers, this is of no consequence in toxicological investigations.
C02 challenge
In a ventilated whole-body plethysmograph such as described above, it is possible to record AP, proportional to VT, while air is flowing through the apparatus and then change the atmosphere so that the animal within the chamber can be challenged with CO, to increase his AP (or VT). This challenge, in effect, measures the integrity of a variety of systems since a normal ventilatory response to CO, depends on the integrity and integration of numerous elements."0) Therefore, an abnormal ventilatory response to CO, could be a general indication of a toxic effect induced by a chemical. As such, it becomes a very general method for probing toxic effects at various sites. More specific directions are given below.
Exercise challenge
Exercise challenge can also be performed using an ergometer enclosed in a chamber in such a way that the chamber is used as a whole-body plethysmograph (Fig. 4) . With this apparatus, AP, f , oxygen uptake (V02), and carbon dioxide output (VCO,), can be measured continuously. Such measurements can be made at rest and with the animal at a given level of exercise.'"' Guinea pigs will perform for a period of 45 minutes and longer when the running speed is adjusted to increase \jO, at rest by a factor of 2 to 3, which is considered mild to moderate exercise." ' ) Since the system is continuously ventilated as is the case with whole-body plethysmograph shown in Figure 3 , exposures to gases or aerosols can be conducted with the animal at exercise.'' Also, an increase in CO, in inspired air can be added to further increase ventilation due to exercise alone (Fig. 5) . As seen in Fig. 5 , mild to moderate exercise in guinea pigs results mainly in an increase in f with only a small increase in AP. Adding 10% CO, during exercise results in larger increases in AP.
Whole-body plethysmograph as an exposure chamber
As shown in Figure 6 , four whole-body plethysmographs can be attached to a chamber into which aerosols or vapors to be evaluated are delivered. The system permits continuous recording of AP and f and modifications of the normal respiratory pattern can be identified, including c o~g h i n g . ' *~~~'~~" -~~)
A nimals previously sensitized to allergens are particularly well-suited to challenge because the changes in respiratory pattern can be monitored continually, indicating bronchoconstriction, in the case of severe reaction, or increase in f and decrease in AP in mild reaction^.'^',"^^^' Also, in guinea pigs previously fitted with a carotid artery cannula to sample arterial blood, uptake of inhaled chemicals can be obtained while monitoring r e~p i r a t i o n . '~~-~~' With the arrangement shown in Figure 6 , C02 challenge can be performed in four animals simultaneously.
Whole-body plethysmogruphy with measurement of transpulmonury pressure
Transpulmonary pressure (Ptp) can now be measured using catheter-tipped differential pressure transducers (Gaeltec Model 16 CTlS, Medical Measurements Inc., Hackensack, NJ) which have good sensitivity (5 yvlvlmmHg) and good frequency response (0-20 KHz). They are very stable; their calibration will remain within 15% over a period of two weeks. Thus, they can be surgically implanted into the thoracic cavity and will be well-tolerated in guinea pigs for about 9 days.(39) After this time, tissue adhesions will begin to form and a reliable measurement cannot be obtained.
Recordings of Ptp and AP in guinea pigs placed within a whole-body plethysmograph are shown in Figures 7 and 8. Figure 7 shows that the minima and maxima for AP occur in phase with the beginning of the breath, indicated by the sharp decrease in Ptp due to expansion of the thorax and the maximum negative pressure at the end of the breath before Ptp returns to end expiratory level. Figure 4 (top tracing), during exercise at 2.5 times baseline VO, (middle tracing) and at the same level of exercise but with the addition of 10% C02 in inspired air (bottom tracing).
histamine aerosol flowing through the whole-body plethysmograph. Greater inspiratory efforts are shown by the increase in Ptp and the whole-body plethysmograph pressure wave is now distorted. A neg,ative pressure is created during expiration and a positive pressure is created during inspiration, due to the airway constriction induced by this aerosol (Fig. 7) . If AP is calculated from minima to maxima, this amplitude is no longer proportional to VT. The Figure 7 . Amplitude e is shown as the effect of airway constriction during expiration as given in Figure I , resistance effect ( Fig. 1) is now too large. The Ptp measurement now confinns that this distortion indicates (when only AP was measured as shown in Fig. 2 ) that airway constriction is occurring. As also shown in Figure 7 , pulmonary compliance was reduced as expected with histamine. (40) 'The same measuremcnts can be made while challenging the animal with CO, as shown in Figure 8 . The relationship between Ptp and AP during CO, challenge is similar to the relationship obtained during air breathing shown in Figure 7 . Figure 8 also shows the effect of adding an aerosol of histamine while maintaining the 10% CO, challenge in this animal. As during air breathing with an aerosol of histamine ( Fig. 7) , the minima and maxima of AP are shifted from the normal relationship with Ptp. They are no longer in phase with the beginning and end of inspiration indicated by Ptp. As in Figure 
Flow-volume loops
Flow-volume (V-VT) loops can be obtained in guinea pigs using the apparatus shown in Fipure 0.127' Inspired and expired airflows ( V I and VE) are measured by a pneumotachograph. V l and VE are integrated with time to obtain VT. and plotting V versus VT yields a loop as shown in Figure 10 . The measurement can be made during air breathing and again during challenge with 10% CO, as also shown in Figure 10 . The disadvantages of this method over the use of whole-body plethysmography include the necessity of mild restraint and the need for additional time to process the data. However, valuable information is gained by directly measuring V l and VE. particularly for agent5 which induce airway constriction. These will induce airflow limitations which are ea$il! detected and arc described below. Normal ventilatory response of a guinea pig to 10% CO, as measured in the uholc-body p1eth)siiio-response between animal^.('^^^') This is a major advantage in toxicoIogica1 studies. This type of ventilatory response to CO,, namely a higher percentage increase in AP (or VT) than in f, is similar to the ventilatory response to CO, obtained in humans. However, the variation between individuals is much larger than in guinea pigs.(") Abnormal responses. A wide variety of pharmacological agents or pneumotoxicants, as listed in Table 1 , have been shown to modify the normal ventilatory response to COz. Two basic types of abnormal ventilatory response to CO, have,been identified."') Type I abnormal response is characterized by a failure of the animal to increase AP (or VT) to the normal level and to increase f to the normal level or even a decrease in f from the normal level is observed. This type of abnormal response is induced by airway constrictors such as histamine, carbamylcholine, methyl isocyanate, and others listed in Table 1 . The results presented in Figure 12 were obtained following exposure to sulfuric acid mist and illustrate the long-lasting effect of this agent. Type II abnormal response is also characterized by a failure of the animal to increase AP (or VT) to the normal level. However, the increase in f is exaggerated and reaches levels much higher than the normal response and opposite to the failure in increasing f i n the Type I abnormal response. Type I1 abnormal response is induced by chemicals which create an inflammatory response at the alveolar level or by chemicals which stimulate vagal nerve endings directly('2) (cotton dust, hexamethylene diisocyanate trimer, paraquat, endotoxin, etc.). Figure 13 illustrates the results obtained with paraquat. It can be seen that the effect is related to the exposure concentration and that during CO, challenge, AP (or VT) failed to increase to normal levels while f increased above normal level.
RESULTS
Abnormal
Thus, an exaggerated increase in f was obtained under this condition.
Since the Type I abnormal response was observed with agents inducing airway constriction, the term "obstruction" has been used to characterize it. It is of interest that the same type of abnormal ventilatory response It was first noted (46) in soldiers in World War I recovering from phosgene poisoning when exercise was used as the stimulus instead of COz. The term "reflex restriction" was first used by these to describe the abnormal ventilatory response to exercise which was characterized by a failure to increase VT with an exaggerated increase in f (see below and 
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second type of abnormal ventilatory response to C02 is also observed in both guinea pigs and humans and has been discussed previously."*'
Type I1 abnormal ventilatory response in chronic exposures have also been investigated using this methodology. Figure 14 shows the results obtained with chronic exposure to cotton dust. Measurements were conducted daily, five days per week, prior to and following exposure to cotton dust for one year.'4') As shiown in Figure 14 , f was values always lower than pre-exposure. Also, the AP values for pre-exposures were similar to control values during the first four weeks of exposure, but lower than control values for the rest of the exposure period. Therefore, a daily response was observed superimposed on a chronic response. This pattern of response is similar to that observed in workers exposed to cotton
The simplicity of the method permitted daily testing of the animals before and after exposure and thus permitted separation of the daily effect from chronic effect. Furthermore, AP and f during air breathing were comparable to control values. The effect was revealed only when CO, challenge was used. The similarity of'the findings in guinea pigs to those in humans exposed to high concentrations of cotton dust is of interest. Pra~snitz'~*) also challenged workers exposed to cotton dust with COz. He demonstrated their poor response in comparison to normal individuals. He observed that the effect was not due to airways constriction, but rather to their inability to inspire deeply, as shown with the failure of guinea pigs to increase AP upon challenge with COz and their exaggerated increase in f.
Pulmonary hypersensitivity response using whole-body plethysmography
Numerous agents have been shown to induce pulmonary hypersensitivity reactions in humans, particularly those due to occupational exposures.'4y' The reactions can be immediate (0-1 h), late (4-8 h), or delayed (12-36 h). The reactions are related, or possibly related, to immunological mechanism^.'^') Here, the whole-body plethysmograph is an ideal device to monitor the respiratory pattern to detect such reactions since the animals can be monitored for long periods and characteristic changes in respiratory pattern can be observed, indicating that a TlME(H0Un)
FIG. 15.
Recorded AP values for one guinea pig (of a group of 4) during air breathing, CQ, challenge and exposure to TMA (30 mg/m3). The normal breathing pattern during air breathing and CO, challenge is also shown. There was no change in the normal pattern during this first exposure to TMA.
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reaction has been induced upon challenge of sensitized animals. In sensitized guinea pigs, challenges will induce characteristic changes in their breathing pattern as described by Seegal,'50' ". . , at first the breathing is rapid and then changes into a slow, gasping type breathing." The increase in 1' is easy to detect and so is the slow, labored breathing (see Fig. 2 ). It should be noted here that the first phase of the reaction, rapid breathing, will be observed only when animals are either not highly sensitized or when the challenging concentration1 is low. Otherwise, this first phase may not be observed (or barely observed), and the animals will display only the second phase. Many investigators have reported the first phase reaction in a variety of laboratory animals and humans.('5' An example of the second phase reaction is shown in Figures 15, 16 , and 17. As shown in Figure 15 (for one of 4 animals in a group), AP was measured during air breathing, CO, challenge, exposure to trimellitic anhydride (TMA), air breathing, and again during COz challenge. Upon this first exposure, none of the 4 animals showed a change in AP (or f, data not shown) during exposure to TMA and a normal increase was observed for AP during COz challenge before and after TMA. The same animals were challenged again with TMA on Days 14,21, and 29. The results for one animal on Day 29 are shown in Figure 16 . A large increase in AP was observed during TMA challenge and as shown in this figure, a characteristic distortion (as shown during histamine aerosol in Fig. 2 ) was observed. Thus, the increase in AP was no longer proportional to VT and the change in pattern indicated airway constriction. All four animals reacted in the same fashion (the average is presented in Fig. 17 ). It can hi : seen that the standard deviation was quite large. This is due to two factors. First, while all animals presented the characteristic distortion from the normal pattern there was a difference in the level of reaction between animals. Second, while all animals reacted, the time at which the reaction was initiated and the time at which recovery began to occur differed between animals. Nevertheless, the reaction can be properly documented in a very easy way. Whole-body plethysmography or variations of it have been used before to demonstrate the second phase response in sensitized animals upon challenge. Previous r e~e a r c h e r s (~' -~~) used similar methodologies. The methods were not as convenient or well-characterized as those described above, but easily detected the reaction.
Flow-volume (V-VT) loops during air and CO, challenge
Normal response to CU, challenge. As with guinea pigs challenged with C02 in whole-body plethysmography, the normal response consists of an increase in VT with a smaller increase in f. Thus, the 9-VT loops increase in magnitude during CO, in comparison to the smaller loops obtained during air breathing as previously shown in Figure 10 .
Abnormal response to CO, challenge. As with whole-body plethysmography, the two same types of abnormal ventilatory responses to CO, can be obtained. In type I abnormal response, as induced by airway constrictors, failure to increase VT and f as in normal conditions occurs (Fig. 18) . Also, as shown in the figure, there are airflow limitations particularly during expiration. Thus, this additional information serves to confirm that the abnormal ventilatory response to CO, is due to either airway constriction or an inflammatory response along the airways or other causes such as mucous secretions which impede airflow through the conducting airways.
In type I1 abnormal response, agents inducing an inflammatory response at the alveolar level or directly stimulating vagal nerve endings, result in failure to increase VT (Fig. 18) . Also, the V-VT loops become more elongated or rectangular and there is no evidence of airflow limitations during expiration as in the Type I response (Fig. 18) . The thinner loops occur because VT is decreasing while f is increasing and V is maintained at the level observed in normal conditions during expiration. However, V is not at the normal level during inspiration and failure to increase VT is due to inability to take a deep breath. Thus, the inspiratory phase is inhibited.
The generic changes in V-VT loops for types I and I1 responses are very characteristic, as shown in Figure 18 , and this approach, while more time-consuming than the measurements made with the whole-body plethysmograph, can be used to further confirm and characterize the findings obtained with easier to use whole-body plethysmography. Obtaining V-VT loops also has another advantage in that with,some agents a "mixed" effect is
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observed because the effect on the conducting airways and at the alveolar level is simultaneous. In such cases, the V-VT loops also become thinner, but evidence of airflow limitations is also present during e~piration."~,'~' This is also shown during air breathing in Figure 18 , but is not detectable when using whole-body plethysmography. 
illustrates the acute and chronic effects following a single exposure to methyl isocyanate 1:MIC). Some recovery occurred following exposure to MIC but a return to control levels was never seen. Following V-VT measurements made 52 weeks after a single exposure to MIC, the guinea pigs were euthanized and the coLapsed lung volume was measured by water displacement. The V-VT loops presented in Figure 20 were plotted for each animal, starting from their respective collapsed lung volume. With this presentation, we can better understand why the ventilatory response to CO, was so poor in the exposed animals. First, the chronic obstruction created by the single exposure to MIC resulted in lung hyperinflation, as shown by the much higher than normal collapsed lung volumes. Second, when C02 challenge was used, not only were V-VT loops abnormal, but there was lilttle inspiratory reserve capacity in these animals and thus very little increase in VT could occur. The same findings were presented by Garard and Lane''') for patients with severe chronic obstructive lung disease. Their poor ventilatory response to C02 was due to a diminished inspiratory capacity resulting from lung hyperinflation.
Use of V-VT loops to detect hypersensitivity reactions. V-VT loops from guinea pigs sensitized by exposure to an aerosol of ovalbumin have been obtained during challenge with an aerosol of this ~hemical.'~') The results presented in Figure 21 illustrate both the first and second phase reaction as well as recovery. Panel A presents V , VT, and \j-VT loops recorded during air breathing prior to challenge. Panel B presents the beginning of the reaction which consists of rapid and shallow breathing, reducing the area of the V-VT loops but with no evidence 52 weeks after a 3-hr exposure to methyl isocyanate. V-VT loops were obtained during air breathing and 109' 0 CO, challenge from guinea pigs exposed to 0 (control). 19 or 37 ppm methyl isocyanate. For each animal, V-VT loops obtained during air breathing and 10% CO, challenge were plotted from the volume (on the X axis) of the collapsed lung measured from water displacement measurement following euthanasia of each animal. The first two loops from Ihe left are for the control animal during air and CO, challenge, the middle two loops are for one of the animals exposed at 19 ppm and the two loops at the right are for the animal exposed at 37 ppm. of airflow limitations during expiration. The reaction then progressed into the second phase consisting of slower breathing with clear evidence of airflow limitation during expiration which was then followed by recovery. In comparison to whole-body plethysmography as described above to detect the reaction during challenge of sensitized animals (Figs. 15 to 17) , '?-VT loops offer no advantage because of their time-consuming nature. However, once an agent has been identified as capable of inducing such a reaction, measurement of the response with V-VT loops can enhance characterization of the response.
Exercise challenge
Exercise challenge can be used in a similar fashion as CO, challenge to unmask low levels of pulmonary toxicity which would not be seen during normal breathing at rest. Haldane et used exercise challenge to investigate the pulmonary toxicity of phosgene. Soldiers recovering from phosgene poisoning appeared normal at rest but complained of breathlessness upon attempting to work or exercise. Haldane et recorded the VT and f of these soldiers at rest and at exercise and compared their ventilatory response with exercise responses of normal subjects. The results were clear, as shown in Figure 22 . In normal subjects, the ventilatory response to exercise was an increase in VT. With phosgene intoxication, there was very little increase in VT; instead there was an exaggerated increase in f. This abnormal ventilatory response to exercise is similar to the Type I1 abnormal ventilatory response to CO, as described above. Haldane et concluded that the reason these soldiers were unable to work or
Normal at Rest Patient at Rest
Normal at Work Ventilatory response, VT and f, in a normal individual and a patient recovering from phosgene exercise was not because of an increase in resistance to airflow due to abnormalities along the conducting airways. Instead, the cause was an inflammatory reaction at the alveolar level which resulted in stimulation of vagal nerve endings. From this stimulation of vagal nerve endings, a normal increase in VT was reflexively inhibited while an increase in f was exaggerated. This abnormal ventilatory response to exercise was thus reported as breathlessness. The same conclusions were recently reached in humans regarding the effect of ozone, another deep lung imtant.'15' Rapid shallow breathing in humans exposed to ozone was first reported by Griswold et al.'") Chronic exposure to cotton dust produced the same effect. Workers appeared normal at rest but were unable to work or exercise because of a sensation of chest tightness and breathlessness, not due to airways constriction, but due to an inability to inhale deeply. (48' Thus, exercise challenge can be used with guinea pigs to investigate performance during exposure to a gas or aerosol known to cause airway constriction or following pulmonary toxicity induced by deep lung imtants such as phosgene, ozone, and cotton dust. Examples are given below which illustrate both approaches.
Normal ventilatory response ofguinea pigs to exercise challenge. Guinea pigs can be trained to exercise on the ergometer described in Figure 4 within about one week.'"' Once familiar with the procedure, they run very well and AP, f, VO,, and Vco, measurements can be obtained during exercise. The ventilatory response in newly trained guinea pigs is opposite to the ventilatory response observed in humans (Fig. 23) . In guinea pigs, there is very little increase in AP (or VT) upon exercise; rather the increase is in f. This will change with further training as will be described below. Exercise performance of guinea pigs during exposure to an aerosol of histamine and comparison with sedentary conditions. Figure 24 describes the protocol for exposures of guinea pigs to histamine aerosols during sedentary or exercise conditions. Following training for one week (results shown in Fig. 23) , 5 guinea pigs were exposed to histamine aerosols at rest or during exercise using the ergometer/whole-body plethysmograph shown in Figure 4 .
Several exposure concentrations were used both at rest and exercise in the same animals. Exposures were randomly The results on airway constriction and incapacitation due to histamine for animals exposed to 0.7 mg/m3 of histamine during sedentary or exercise conditions are shown in Figure 25 . In both cases, a large increase in AP occurred with exposure to histamine, and in both cases, the characteristic distortion due to airway constriction was observed, as shown in Figure 2 . This increase in AP was preceded by a decrease in fin the exercising animal and then followed by incapacitation of the animal (i.e., inability to continue to run). A summary of the results for the 5 animals is presented in Figures 26 and 27 . In Figure 26 , a "response" was recorded if an increase in AP occurred (Fig. 25) for sedentary or exercise conditions. The time at which the reaction occurred was recorded. The difference between the exposure concentration inducing a response in sedentary versus exercise conditions was small but the exposure time to induce the response was usually shorter during exerciae than under sedentary conditions. Also, as shown in Figure 27 , the concentration time to incapacitation relationship in exercising guinea pigs was established within a very narrow exposure concentration range of histamine. Despite the fact that the slope of the line shown in this figure is significantly different from zero 0, < 0.05), the correlation coefficient was poor (r = 0.7) due to large variation.
It is interesting to note that the difference between sedentary and rest conditions for the effect of histamine was not very large for the concentration needed to induce the response or for the time required 1. 0 induce the response at comparable exposure concentrations. These results differ from the results for the effect (of carbon monoxide, an asphyxiant, or hydrogen chloride, an irritant. These chemicals, particularly hydrogen chloride, produced vastly different effects between sedentary and exercise conditions.'") Exercise performance of guinea pigs following exposure to paraquat. In this protocol, groups of 4 female Hartley strain guinea pigs were exposed to 0.8 or 1.1 mg/m3 paraquat aerosol for 4 h to induce pulmonary injury . (29) A singie exposure at these concentrations was previously shown to induce a slowly developing pulmonary injury as demonstrated by a Type I1 abnormal response to C0,.'253581 Prior to exposure to paraquat, the animals were familiarized with the exercise apparatus and trained for one week using an increasing running speed over a period of 30 minutes as shown in Table 2 . The maximum running speed resulted in an increase of sedentary level VO, by a factor of 4, from 15-17 ml/kg/min to 60 ml/kg/min. Three days and one day prior to exposure, f, AP, TO,, Vco,, and distance traveled during exercise were measured. The same measurements were then made up to 14 days following exposure. On the same days, the animals were also challenged with CO,, two hours prior to exercise, in order to assess the extent of pulmonary injury with this method. Figure 28 presents the data for the cumulative distance traveled during 30 minutes for the control group as well as for the two groups exposed to paraquat. All three groups ran for 30 minutes and covered the same distance 3 days or 1 day prior to exposure, and all animals had a normal ventilatory response to CO, on these days. One day following exposure, the control group and the group exposed to 0.8 mg/m3 of paraquat performed as on previous days, but the group exposed to 1.1 mg/m3 was unable to complete the exercise protocol. This effect was more pronounced 3 days following exposure and 3 of the 4 animals in this group died on Day 4. On Day 3 following exposure, animals exposed to 0.8 mg/m3 failed to complete the exercise protocol and the effect was still apparent on Days 10 and 14 after exposure. With this running protocol, all exposed animals started .to run, but with pulmonary injury, they were unable to increase their running speed as required by the exercise protocol described in Table 2 Figure 24 . Each guinea pig was exposed at different concentrations of histamine and a "response" was noted if AP increased as shown in Figure 25 , with distortion of the normal pressure wave as shown in Figure 2 . Given in parenthesis is the time (minute) at which the response was noted after the beginning of exposure. During exercise, the response also included incapacitation and termination of exercise. shown) indicated that airway constriction, as in the case with histamine shown in Figure 25 , was not the cause of their failure to complete the exercise protocol. Rather, an exaggerated increase in f occurred, as demonstrated by Haldaneet in soldiers recovering from phosgene poisoning. This exaggerated increase in f was also observed during CO, challenge and the ventilatory response to CO, of these exposed animals was abnormal on Days 1,3,5, and 7 following exposure as expected from previous and as shown in Figure 13 . However, the ventilatory response to CO, was normal at 10 and 14 days following exposure and as also previously shown on these postexposure days.('*) Thus, premature cessation of running on these days (10 and 14) may have been related to factors other than lung injury.
A decrease in exercise performance during or following exposure to pulmonary toxicants has been demonstrated in laboratory animals and humans as recently summarized by we is^.'^^) From the collected experimental evidence in humans, we is^'^^) discussed the idea that premature cessation of exercise is not solely due to physiological mechanisms but that respiratory discomfort also plays a role. Both Haldane et al. (46) and P r a u~n i t z (~~) discussed this aspect in soldiers recovering from phosgene and in workers exposed to cotton dust, respectively. However, it is difficult to separate the role of these two entities in failure to complete the exercise protocol.
As noted above and shown in Figure 23 , after one week of initial training, the normal ventilatory response of guinea pigs to exercise is to increase f rather than AP (or VT). This is in contrast to their ventilatory response to CO, where an increase in AP (or VT) is the primary response. With further exercise, we observed a change in this pattern. The results for the control group used with the groups exposed to paraquat are shown in Figure 29 Table 2 . Each group (n = 4) were trained for a period of one week prior to Day -3. Exposure to paraquat for 4 h at 0.8 or 1.1 mg/m3 was conducted on Day 0. about is not known, but an increase in AP is more effective in meeting the increased metabolic demands of exercise since there is less deadspace ventilation as when f increases. This change in ventilatory response with more than one week of exercise may enhance our ability to correlate pulmonary toxicity in guinea pigs with the response in humans, since in humans the ventilatory response to exercise is a major increase in VT rather than in f. However, a major drawback is the time required for the procedure. Another factor must also be taken into account. For these experiments female rather than male guinea pigs were used because of their much slower growth rate. This choice was necessary, because the ergometer was built to accommodate guinea pigs of 250-450 g. Within a few weeks of exercise the apparatus would be too small to accommodate male guinea pigs. Females can use the apparatus for about 4 weeks before they outgrow it.
CONCLUSIONS
We have presented some basic approaches to investigate pulmonary toxicity using unanesthetized and unrestrained (or with mild restraint) guinea pigs. The methods can be used to identify acute as well as chronic pulmonary toxicity of various origins, along the conducting airways as well as at the alveolar level. Regarding the pathogenesis of acute and chronic lung injury, including the interactions of multiple toxicants, Witschi"" recently stated that experiments to test for interactions can become complex, technically demanding, and often prohibitively expensive. He recommended that, for practical reasons, numerical measurements should be preferably easy to come by. Whole-body plethysmography and the various modifications described here certainly permit rapid measurements to be made. Exercise challenge is more time-consuming. Nonnal exercise performance requires not only that all physiological systems respond adequately, but also includes behavioral components not involved Table 2 . The values for AP, f, AePf, and VO, during sedentary conditions prior to exercise varied little and were around 0.21,90, 19, and 17, respectively, as the increase in body weight in these female guinea pigs was very small during this time period.
when using CO, challenge. This may permit a better understanding of pulmonary toxicity, restricting normal work or exercise following pulmonary injury. A major problem with exposure to airborne chemicals is the possibility of pulmonary hypersensitivity or hyperactivity reactions. The methods presented permit a rapid and easy way to recognize such reactions and thus can be excellent tools in this area.
